Abstract: We measured soil greenhouse gas fluxes and nutrient pools in a nitrogen (N)-polluted north-temperate forest and report relatively small N 2 O effluxes and high CH 4 uptake. Six years after application, non-N fertilizers (P + K, lime) did not significantly reduce soil respiration or increase N 2 O efflux; however, rates of CH 4 oxidation were significantly suppressed.
Introduction
Upland forest ecosystems play key roles in the global climate system as vast pools of fixed organic carbon (C) in soils and biomass, as sinks for atmospheric methane (CH 4 ) as a result of bacterial oxidation in soils, and as either sources or sinks of nitrous oxide (N 2 O) through nitrification and denitrification. Anthropogenic disturbances are changing the role of forests in atmospheric greenhouse gas (GHG) exchange, making ecosystemclimate feedbacks difficult to predict. Anthropogenic nitrogen (N) deposition is an important disturbance affecting many forest regions including in eastern North America, potentially saturating tree nutrient requirements (Gradowski and Thomas 2008) , and (or) soil processes (Watmough 2010) . Nitrogen deposition can increase foliar and litter N concentrations, N mineralization, nitrification, and denitrification rates; ultimately leading to NO 3 − leaching and downstream eutrophication, and enhanced soil losses of N 2 O (Watmough 2010) . Some studies have demonstrated that excess inorganic soil N can stimulate CH 4 oxidation, but typically inhibits CH 4 monooxygenases in CH 4 -oxidizing bacteria leading to reduced CH 4 uptake and either enhances or reduces soil organic matter mineralization and CO 2 production depending on the organic matter chemistry (Bodelier and Steenbergh 2014) . Acid deposition, which is coupled to N loading, along with a legacy of sulfur deposition and logging-related exports of biomass, has contributed to phosphorous (P) and calcium (Ca) declines and impacted the health of certain hardwood tree species on the Precambrian Shield, which typically has shallow, coarse textured, acidic soils (Watmough 2010) . Using both fertilization approaches and correlations between tree growth and soil nutrients, Gradowski and Thomas (2008) put forth compelling evidence that sugar maple (Acer saccharum) forests in central Ontario, Canada, which receive some of the highest amounts of N deposition in North America (∼20 kg N ha −1 yr −1 ), have shifted from N to P (and to a lesser extent K, Ca, and Mg) limitation. Peng and Thomas (2010) subsequently observed reductions in soil CO 2 efflux and fine root production with P additions. While both enhanced forest growth and reduced CO 2 emissions suggest at least short-term C sequestration benefits of non-N soil amendments, other belowground processes that govern the emissions and uptake of the potent GHGs CH 4 and N 2 O, should be investigated. We characterized soil GHG fluxes and nutrient pools in a heavily N-loaded hardwood temperate forest, making use of a fertilization experiment (with P and K and (or) lime added 6 yr prior) to investigate whether potential adverse effects of chronic N and acid deposition could be mitigated by non-N soil amendments. We hypothesized that N 2 O efflux rates and labile soil N pools, primarily nitrate (NO 3 − ) and ammonium (NH 4 + ),
would be large, while CH 4 oxidation rates would be slow relative to other northern forest soils; and that non-N soil amendments would decrease soil CO 2 and N 2 O effluxes and pools of available soil N, and increase soil CH 4 uptake relative to control plots.
Materials and Methods
This study took place in the Haliburton Forest and Wildlife Reserve in central Ontario, Canada, located in the Great Lakes, St. Lawrence forest region and underlain by granite, gneiss, or granite-gneiss-derived rock of the Precambrian shield that is naturally low in P (Gradowski and Thomas 2008) . Soils are shallow coarse-textured Dystric Brunisols with a mean pH of 4.6. In July 2002 and 2003, 5 m radii around mature sugar maple trees (diameter at breast height 37.6 ± 9.1 cm) were amended with triple superphosphate (Ca(H 2 PO 4 )2H 2 O) and KCl at 200 kg P and K ha −1 , dolomitic lime at 4 Mg ha −1 , and a combination of P, K, and lime at these dosages (Gradowski and Thomas 2008) . There were six replicates of unamended control plots and of each treatment, hereafter referred to as L, P + K, and P + K + L. Soil gas flux measurements occurred four (for N 2 O) and seven (for CH 4 and CO 2 ) times between June and October 2008; procedures, including chamber and soil temperature measurements and flux calculations followed Basiliko et al. (2009) , except that an SRI 8610-0040G GC was used for gas analyses (SRI Instruments, Torrance, CA, USA). Surface (0-5 cm) and 5-10 cm depth soil samples were taken in August using a soil corer; three cores within 5 m of each tree were combined for each horizon and frozen. Prior to analyses, soils were thawed for 24 h at room temperature and sieved through an 8 mm soil sieve to help achieve homogeneity. Although sampling and storage of soil inevitably disturbs biological communities, samples from all plots were treated the same and freezing and thawing of these soils does occur in situ; thus, relative patterns of in vitro microbial activity measurements by treatment are assumed to have been captured in our approach. Gravimetric water content was determined by oven drying a 5 g subsample. Inorganic, extractable organic, and microbial pools of N and P were determined using chloroform-fumigation and potassium persulfate oxidation (Basiliko et al. 2009 ). Extracts were analyzed with an 8500 Flow Injection Analyzer using Quik-Chem methods 31-107-04-1, 31-115-01-1-H, and an IL550 TOC/TN (Lachat Instruments, Milwaukee, WI, USA). Soil microbial activities (aerobic respiration over 48 h, aerobic CH 4 oxidation potential under 50 ppm CH 4 headspace, and anaerobic denitrification potential using an acetylene block approach) were measured in 200 mL laboratory flasks (Ullah and Zinati 2006) , and rates of gas production or consumption expressed per gram of dry soil. Analysis of variance (ANOVA) followed by Tukey's post hoc tests was applied to field and laboratory datasets to determine if fertilization effects were statistically significant (P < 0.05). Single t-tests were used to determine if average fluxes on any given sampling date were different from zero. Repeated-measures ANOVA was used to evaluate the interaction of fertilization and time for fieldbased GHG fluxes where the repeated measurements of GHG flux were the within-subjects factor.
Results and Discussion

Revisiting initial hypotheses
Concentrations of NH 4
+ and NO 3 − were high relative to other forest soils in southern Ontario, north-central USA, and western Canada (e.g., Basiliko et al. 2009; Peichl et al. 2010) ranging from 80 to 150 and 5 to 30 μg N g −1 dry soil, respectively (Table 1) . This is generally consistent with prior soil measurements and high N deposition in the Haliburton Highlands region (Gradowski and Thomas 2008) . Relative to other forests with coarse-textured soils elsewhere in Ontario and Canada, soils in our study had slightly higher mean rates of in situ N 2 O emissions (Basiliko et al. 2009; Peichl et al. 2010) . However contrary to our initial predictions, mean in situ N 2 O efflux rates were still low, occasionally negative, and on any given sampling date were not significantly greater than zero (Table 1 ; Fig. 1 ). There were no liming or P addition effects on in situ N 2 O fluxes at any individual sampling date or averaged across the study (Table 1 ; Fig. 1 (Brumme et al. 1999 ). Lime and (or) P + K additions did not significantly decrease soil N pools (Table 1) , again in contrast to our initial predictions of how purportedly N-saturated soils and vegetation would behave when P limitation was alleviated. Contrary to initial predictions, in situ CH 4 uptake in control plots was high relative to other non-N-polluted forest soils (e.g., Basiliko et al. 2009 ), and liming and P + K fertilization decreased in situ oxidation rates (Table 1 ; Fig. 1 ), an unexpected pattern that is discussed below. While controls exhibited the highest level of in situ soil respiration and P + K and P + K + L the lowest, there were no significant average seasonal differences observed (Table 1 ; Fig. 1 ). Individual date measurements revealed consistent patterns as the mean values with highest soil respiration were the controls, although these differences were rarely statistically significant. Repeated-measures ANOVA revealed a significant time effect on in situ CO 2 efflux, but not a significant treatment × time interaction. In vitro aerobic CO 2 production potentials, which eliminate root respiration and may be an indication of relative rates of microbial decomposition of soil organic matter, were not significantly affected by treatment (Table 1) . By supplying the soil with P fertilizer, we sought to investigate if temperate forest soils that typically would be N limited have Table 1 . Soil nutrient and chemical properties, in vitro microbial activities, and mean in situ greenhouse gas fluxes (negative indicates uptake) over all measurement dates across control and fertilized plots.
Depth (cm)
Control Lime P P and lime Note: Values represent the means of six replicate plots and standard errors are in parentheses. Units for N, P, and C chemical species are mg N or C g dry soil −1 and μg P g dry soil −1 . Significant differences (P < 0.05) among treatments are illustrated with different lowercase letters.
Soil properties
become P limited by virtue of increased N deposition. Consequently, we expected that in sites amended with non-N nutrients, there would be a decrease in soil respiration due to reduced efforts in scavenging for limiting nutrients by plants, and therefore less root mass, particularly fine root production (Peng and Thomas 2010) followed by reduced root respiration. That soil respiration was on average lower in treatments is somewhat consistent with treatment effects becoming attenuated over time since Peng and Thomas' (2010) measurements 5 yr earlier in the same plots. Attenuation of effects on soil nutrient pools and in vitro microbial activities is likely a consequence of the timing of measurements 5 yr after setting up the experiment. Fig. 1 . In situ greenhouse gas fluxes (negative indicates uptake) across control and fertilized plots. Bars for seasonal average represent the means of 42 replicate plots for CH 4 and CO 2 , and 24 replicate plots for N 2 O. Bars for individual dates represent the means of six replicate plots. Error bars represent standard errors and letters denote significant differences (P < 0.05) among treatments.
An unexpected reduction in CH 4 oxidation with P fertilization
We expected that non-N soil amendments would decrease pools of available N and therefore remove N-induced inhibition on CH 4 uptake. Instead, beyond not seeing low in situ CH 4 uptake rates in the control plots relative to studies at other forests, we observed a statistically significant pattern of reduced in situ CH 4 uptake relative to controls across all treatments, but most pronounced in the P and P + L amended plots. Both individual measurement dates and seasonal averages showed a pattern of reduced in situ CH 4 oxidation in L, P + K, and P + K + L treatment plots relative to controls (Table 1 ; Fig. 1 ). This was an unexpected pattern as we would have expected high NH 4 + concentrations to inhibit CH 4 oxidation, while these plots exhibited the lowest amounts of NH 4 + . As far as we know, no other studies have described a mechanism for reduced CH 4 oxidation with increased P in forest soils. In addition to typical controls on microbial-mediated processes including soil porosity, water content, and temperature, a poorly understood control on the CH 4 -sink potential in forest soils is the inorganic N pool, for which other studies have sometimes noted transient or long-lasting effects on CH 4 oxidation (Bodelier and Steenbergh 2014 and references within). Thus, a conceivable explanation for reduced CH 4 oxidation in P-amended plots could be that methanotrophs, as well as being potentially inhibited by ammonium, also have high N requirements (Bodelier and Steenbergh 2014) , and were limited by N due to the stimulated uptake of N by plants. Alternatively, the reduction of pore spaces due to reduced fine root production under P additions (Peng and Thomas 2010) could have reduced the ability of atmospheric CH 4 to penetrate into the soil. This is consistent with evidence that ventilation of soil with fresh air containing higher CH 4 concentrations is an important control on CH 4 uptake (Wang et al. 2013) . Reduced rhizospheric activity in P-amended plots may result in reduced evapotranspiration, leading to higher moisture levels that might promote CH 4 production or at least impede CH 4 diffusion from the atmosphere to methane oxidizing bacteria; however, surface soil moisture (0-5 cm) was not significantly elevated in P-amended plots relative to other treatments. Although differences were not statistically significant, CH 4 oxidation potential at the 0-5 cm depth was on average lowest in the P and P + L plots and highest in the control plots (Table 1) , and we view a lack of conclusive pattern in the in vitro assay as not contradicting our explanation that reduced in situ ventilation led to slower uptake rates, as ample O 2 and CH 4 were supplied in vitro. The various plausible explanations noted above should serve to formulate new experimental investigations.
In summary, in a Central Ontario forest receiving high N deposition, and with relatively high inorganic soil N pools, soil N 2 O fluxes were small while CH 4 uptake was large compared with other Canadian and international forest ecosystems. Addition of non-N fertilizer and lime to a forest soil with relatively high inorganic N pools did not significantly alter CO 2 or N 2 O fluxes or soil nutrient pools 6 yr following fertilization; however, CH 4 uptake was significantly reduced.
